1. Introduction {#sec1}
===============

Mammalian fingertips and toes can partially regrow under certain conditions; however, regeneration is greatly limited compared to urodele amphibians such as newts and salamanders that can completely regrow an amputated limb \[[@B1]--[@B3]\]. The question is why there is such a difference between the regenerative potentials of mammals and amphibians. Embryonic, neonatal, and adult mice can regenerate digit tips if the amputation is midway through the third phalanx \[[@B4]--[@B6]\]; however, if the amputation occurs proximal to the midway point of the third phalanx in mice, regeneration of the digit tip does not typically occur \[[@B7], [@B8]\]. Similarly, young patients have also been documented to regrow the tips of amputated fingers if treated conservatively \[[@B9]--[@B11]\]. Although adults and even elderly individuals have potentially regenerated amputated digit tips, the regenerative process may not be as efficient as it is in younger patients and usually results in fibrous scars in adults. The regeneration process of the digit following injury may be related to the age of the host, with decreased restoration in adults compared to fetal or neonatal mammals \[[@B8], [@B10]--[@B12]\]. Injured adult mammalian tissues are usually replaced with fibrotic scar tissue, whereas scarless healing typically occurs in fetal wound healing which results in complete tissue recovery \[[@B13]--[@B15]\]. Stem cell activation and scarless wound healing are considered to be essential requisites for quality tissue regeneration \[[@B16]--[@B18]\]; however, for some regenerative processes a dedifferentiation process, but not stem cell activation, is required \[[@B19]\]. This review will summarize the literature in the context of amputated digit regeneration and beyond.

2. Salamander Limb Regeneration {#sec2}
===============================

Studies of axolotl regeneration are ongoing in order to understand the differences between regenerating and nonregenerating wounds. Full-limb regeneration in adult urodele amphibians occurs in several overlapping stages including wound healing, dedifferentiation, and redevelopment, which is similar to natural embryonic limb development \[[@B20]\]. The first phase in wound healing involves the contraction of blood vessels and growth of the injured epidermis to cover the remaining limb stump. Blastema cells then accumulate underneath the healed epidermis, which forms a thickened structure at its apex, called the apical epithelial cap (AEC) \[[@B21], [@B22]\]. The proliferating blastema cells of newts consist of dedifferentiated cells derived from muscle, bone, skin, and other tissues, which serve as progenitors for regenerating the new limb. However, in axolotls stem cell activation in the form of satellite cells may also play a role in blastema formation \[[@B19]\]. Regeneration occurs by completely different mechanisms between these two different salamander species; thus care must be taken when interpreting results between newts and axolotls. Blastema and AEC formation are dependent on the activation of some unknown signals and several known signals such as ionic fluxes, nitric oxides, MARCKs protein, and trophic factors (e.g., the FGF, TGF, and BMP families) \[[@B22], [@B23]\] in the wound that consequently promote the formation of the blastema and the AEC. The growth and differentiation phase of the regenerative process includes many features recapitulating embryonic limb development but does exhibit some differences compared to development de novo, for example, the size of the new limb, connection to the existing adult limb, and a nerve requirement \[[@B24]\].

2.1. Blastema Formation {#sec2.1}
-----------------------

The blastema is a group of cells originating from the limb tissue localized at the amputation site. The essential role of the blastema in limb regeneration has been investigated by Stocum and Cameron \[[@B25]\]. The cellular origin of blastemal cells, mechanisms of cellular release from mature tissue, dedifferentiation, accumulation of cells, blastema growth, and tissue patterning have all been the focus of extensive investigations.

### 2.1.1. Dedifferentiation {#sec2.1.1}

It was previously speculated that the blastema was comprised of a homogeneous population of multipotent cells ([Figure 1(a)](#fig1){ref-type="fig"}) that eventually form all the structures of the amputated digit tip or limb \[[@B26], [@B27]\]. An earlier study introduced fluorescent dextran-labeled myotubes into a regenerating limb stump and found the dye in the regenerated muscles and, in limited cases, the cartilage \[[@B28]\], suggesting the possibility that myofibers were capable of dedifferentiating into stem/progenitor cells and contributed to tissue regeneration. However, the possibility that the cells fused \[[@B29], [@B30]\] or that the dye leaked from the muscle into the cartilage cells when the myofibers dedifferentiated into single cells cannot be ruled out. Studies in both axolotl limb and zebrafish fin regeneration, using GFP- or transposon-based clonal analysis, have demonstrated that the cells are lineage-restricted, which suggests that the blastema is a heterogeneous assortment of lineage-restricted progenitor cells \[[@B31], [@B32]\] ([Figure 1(b)](#fig1){ref-type="fig"}). The cells may undergo dedifferentiation, but not completely to a multipotent state, as cell fates are limited to their developmental origin \[[@B33]\]. The dedifferentiation of Schwann cell precursors also releases paracrine factor to affect mammalian digit regenerations \[[@B17]\]. Muscle cells from presomitic mesoderm, Schwann cells from the neural fold, and epidermis from the lateral ectoderm are all derived from the same germ layer prior to maturity. In the past decades, many studies have presented evidence favoring the view that dedifferentiation with cell lineage switching occurs during newt limb regeneration, especially when the normal regenerative process is challenged (e.g., by irradiation or loss of a particular tissue). However, other studies in which axolotls were used suggested that stem cells are primarily involved (at least for muscle regeneration) and that lineage switching does not occur. More recently, a published study showed that, during limb regeneration, muscles were regenerated by completely different mechanisms in these two salamander species: (1) dedifferentiation, proliferation, and redifferentiation in newts and (2) satellite cells in axolotls \[[@B19], [@B33], [@B34]\]. Therefore, lineage switching may occur in newts under certain conditions, while this does not appear to occur in axolotls.

### 2.1.2. Resident Stem Cells {#sec2.1.2}

It is strongly believed that the cells in the blastema originate from dedifferentiated local tissue at the amputation site; however, adult stem cells (e.g., muscle satellite cells and possibly also the periosteum and dermis) \[[@B35]--[@B39]\] also contribute to the formation of the blastema, though the number of these endogenous cells may be insufficient to facilitate regeneration on their own. It has been shown that resident tissue stem/progenitor cells, rather than hematopoietic cells, contribute to the regeneration of amputated mouse digit tips \[[@B40], [@B41]\]. Adult stem cells in the nail bed are also thought to be involved in the regrowth of the amputated digit tip \[[@B42], [@B43]\].

### 2.1.3. Transdifferentiation {#sec2.1.3}

Transdifferentiation is a term typically used to describe a change in cell type from one mature cell type to another, also known as lineage reprograming \[[@B44]\]. Cellular transdifferentiation may also play a role in the tissue regeneration process. Dermis and skeletal tissue, both of lateral plate mesodermal origin, have been shown to transdifferentiate ([Figure 1(c)](#fig1){ref-type="fig"}) \[[@B45]--[@B47]\]. Transdifferentiation also appears to occur in lens and retina regeneration, where the pigmented epithelial cells dedifferentiate and then form lens epithelial cells or retinal neurons, respectively \[[@B1]\]. The term "transdifferentiation" has been used in the literature to refer to different, but related, processes, depending on whether the cells undergo a dedifferentiation process. Some use the general term "metaplasia" instead, which is independent of the mechanism used by cells to convert to a different cell type.

### 2.1.4. Extracellular Matrix (ECM) Involvement {#sec2.1.4}

Blastema cells may originate from host cells that are released from the tissue following injury-induced ECM breakdown. As cells are converted from a quiescent, fully differentiated state into a dedifferentiated state in the local surrounding matrix, many cellular changes occur. Actin cytoskeletal rearrangement, integrin disconnection from the matrix, and loss of cell polarity may induce the cells to suppress differentiation genes and upregulate genetic programs that allow the cells to reenter the cell cycle and consequently reacquire a state of "stemness" \[[@B25]\]. Alternatively, factors embedded in the ECM, such as cytokines, growth factors, and matrix cryptic peptides, are released upon the breakdown of the ECM and activate signaling pathways that trigger cellular dedifferentiation \[[@B48]\]. In addition to the stem/progenitor cell population, neural input/regrowth is also very important for the formation of the blastema \[[@B24]\]. In the absence of axons, the AEC forms but is not maintained, and the blastema never develops. If the nerves are removed after the blastema has formed, the limb will regenerate, but only to a limited extent, due to limited cell proliferation in the blastema. It is thought that the newly regenerated nerves stimulate the AEC to produce anterior gradient protein (AGP), which promotes the regeneration of denervated limbs \[[@B24], [@B49]\].

2.2. Blastema and the AEC {#sec2.2}
-------------------------

The AEC releases directional guidance signals to the blastema, allowing it to grow in the proper orientation. Two of the factors involved include transforming growth factor beta 1 (TGF-*β*1) and fibronectin, which are upregulated during blastema formation. Inhibition of TGF-*β*1 via SB-431542 decreases fibronectin expression and prevents blastema formation \[[@B50]\]. Conversely, signals from the blastema, such as the release of insulin-like growth factor (IGF), also trigger a response from the AEC \[[@B51]\]. Additionally, the cells in the blastema must proliferate to create enough progenitor cells to regrow the missing limb. The formation of blastema cells that accumulate under the AEC is not a recapitulation of embryonic limb development; it is a process that sets the urodeles apart from other tetrapod taxa \[[@B52], [@B53]\]. Various factors have been reported that promote blastema cell proliferation, including fibroblast growth factor- (FGF-) 1, 2, 8, and 10, transferrin, neuregulin, substance P, and AGP \[[@B54]--[@B57]\]. Although blastema cells proliferate rapidly, the cells of the AEC appear to be nonproliferative \[[@B49], [@B58]\], although migrating cells from the AEC do proliferate at later times \[[@B52], [@B53]\].

Patterning of the blastema cells into functional mature tissues has also been studied using various grafting experiments, which has demonstrated that the signals involved in reforming the tissues originate from the blastema \[[@B60]\]. A review by Tamura et al. describes several grafting experiments that demonstrate the positional memory of the blastema \[[@B61]\]. For example, a wrist-level blastema grafted to a more proximal stump did not grow until regeneration reached the wrist level, and the grafted blastema then grew into a supernumerary autopod (hand) \[[@B26]\]. Moreover, positional identity was found to be cell type-specific, such that cartilage-derived blastema, but not Schwann cell-derived cells, retained their positional identity \[[@B31], [@B62]\]. Some other experiments have demonstrated that blastemal cells have positional memory \[[@B31]\]. It is thought that fibroblastic cells may perform a similar function of maintaining positional identity in digit tip regeneration, because connective tissue fibroblasts from the terminal phalanx differ from those of the subterminal phalanx \[[@B63]\].

2.3. The AEC and AER {#sec2.3}
--------------------

Limb regeneration partially recapitulates portions of embryonic limb development where the early developing embryo forms limb buds. The formation of the AEC is suggested to be a recapitulation of the apical ectodermal ridge (AER), a thickened epithelium at the distal end of the limb bud that functions as a signaling pathway to induce cell proliferation and maintains the mesenchymal cells in an undifferentiated state. The limb bud stops proliferating and begins to differentiate as the AER disappears \[[@B64]\]. The AER and AEC are considered to be functionally equivalent, with similar gene expression patterns, including the expression of*FGF-8* and*Sp-9* \[[@B65]\]. Proximal-distal patterning in the developing limbs is regulated by poorly understood interactions between FGFs secreted by the AER and Sonic hedgehog secreted from a posterior section of the limb bud, which in turn regulate the*Hox* genes \[[@B66], [@B67]\]. Retinoic acid regulates the*Meis homeobox* genes, which also affect proximal-distal patterning during both development and limb regeneration \[[@B68]\].

2.4. ECM Remodeling and MMP Activity {#sec2.4}
------------------------------------

The ECM supports the architecture of the tissue during tissue regeneration. The activities of acid hydrolases and matrix metalloproteinases (MMPs), though traditionally known to play a role in mediating ECM turnover, have recently been demonstrated to actively participate in the regeneration process \[[@B69]\]. Regeneration failed in newts when amputated limbs were treated with the MMP inhibitor GM6001, demonstrating the essential involvement of MMPs in the regeneration process \[[@B70]\]. A comparison of normal, regenerating axolotls with regeneration-deficient short-toed axolotls revealed lower levels of MMP-8, MMP-9, and MMP-10 after amputation in the nonregenerating mutants, further highlighting the importance of MMPs in the regeneration process \[[@B71]\]. On the other hand, the participation of tissue inhibitors of metalloproteinases (TIMPs) is required to prevent excessive tissue hydrolysis and degradation induced by MMPs \[[@B72]\] such that dissociated cells at the amputation site begin to dedifferentiate into a more plastic stem cell phenotype \[[@B71]\].

Apart from the MMP activation in the early regenerative process, a transitional ECM develops that includes tenascin C, hyaluronic acid, and fibronectin, while the presence of collagens is reduced. Data suggest that tenascin C and hyaluronic acid can play instructive roles in the regenerative process \[[@B73], [@B74]\].

3. Mammalian Wound Healing {#sec3}
==========================

Many theories have been proposed to explain why successful regeneration occurs in urodele amphibians but not in mammals. First, the immune system has been shown to play a major role in the regeneration process of amputated limbs in newts \[[@B67], [@B75]\]. In mammals, fetal wounds can regenerate because they have an immature immune system; however, in adults, clearing pathogens appears to be evolutionarily favored compared to retaining the ability to regenerate a limb or digit \[[@B76]\]. Second, amphibians have retained limb regeneration-specific genes not found in mammals, which allow their cells to dedifferentiate \[[@B25]\]. A related theory is that mammals have evolved tumor suppression genes that inhibit regeneration \[[@B77]\]. The*Ink4a*locus is present in mammals but not amphibians; this region encodes the tumor suppression genes*p16ink4a* and Alternative Reading Frame*(ARF)*. Inactivation of both tumor suppressors retinoblastoma*(Rb)* and*ARF* allows terminally differentiated mammalian muscle cells to dedifferentiate \[[@B77]\]. An extension of this theory is that differentiated mammalian tissues can regenerate if the cells are induced to reenter the cell cycle, which occurs in the Murphy Roths Large (MRL) mouse and the p21-deficient mouse described below. Third, bioelectric signaling (e.g., membrane voltage polarity, ionic channels) may also play a role in the tissues\' regeneration potential. Nonregenerating wounds display a positive polarity throughout the healing process, whereas in regenerating animals the polarity is initially positive but then quickly changes to negative polarity with the peak voltage occurring at the time of maximum cellular proliferation \[[@B78]\].

Wound healing is a complex process that is not yet fully understood. Mammalian wound healing of the skin and all organ systems has traditionally been divided into three major stages: inflammation, proliferation, and tissue remodeling \[[@B79]\]. Attempts have been made to correlate these three stages of mammalian wound healing with the three stages of amphibian regeneration (wound healing, dedifferentiation, and redevelopment) \[[@B80]\]. The phases of the regeneration processes in amphibians and mammals are summarized in [Figure 2](#fig2){ref-type="fig"}.

3.1. Inflammation {#sec3.1}
-----------------

Immediately after injury, the body responds by stopping bleeding, which involves endothelial cell vasoconstriction and the activation of coagulation pathways. Platelets coagulate to form a fibrin clot comprised of collagen, fibronectin, and thrombin, while simultaneously releasing trophic factors and inflammation-associated cytokines. Neutrophils are the initial inflammatory cells that are recruited to the wound site. They release proteases and create reactive oxygen radicals to kill invading microbes and digest damaged tissue \[[@B81]\]. Monocytes are next recruited to the wound site and are converted into macrophages, while the neutrophils begin to undergo apoptosis. Macrophages remove bacteria, cellular debris, and dead neutrophils via phagocytosis and release signals that recruit more macrophages and fibroblasts to the wound site. It is unclear whether macrophages and/or neutrophils are absolutely required for wound healing, because a mutant mouse model that is deficient in macrophages and functional neutrophils is still capable of healing small wounds without creating an inflammatory response and heals without scar tissue formation \[[@B82]\].

3.2. Proliferation {#sec3.2}
------------------

The proliferation stage begins approximately 4 days after injury and lasts for 10 days or more. During this period, epithelialization occurs via the expansion of skin keratinocytes. Some of inflammatory cytokines \[interleukin-1 (IL-1) and tumor necrosis factor-*α* (TNF-*α*)\] stimulate fibroblasts to synthesize and secrete keratinocyte growth factor-1 (KGF-1), KGF-2, and IL-6, which signal the keratinocytes to migrate and proliferate. Regulators of reepithelialization also include hepatocyte growth factor (HGF), FGFs, and epidermal growth factors (EGFs) released from injured tissues, which can stimulate receptor tyrosine kinases \[[@B83]\]. In contrast, TGF*β* inhibits keratinocyte proliferation, and mice with mutations disrupting the TGF*β* pathway have been observed to display faster wound healing \[[@B84], [@B85]\]. The provisional fibrin and fibronectin matrix formed during the inflammatory stage is reinforced by proteoglycans and other proteins synthesized by fibroblasts, which is then replaced by a stronger, more organized matrix composed of types I and III collagens. T lymphocytes migrate into the wound site after macrophage and fibroblast infiltration and are thought to influence the proliferative phase of wound healing \[[@B86]\]. Angiogenesis is stimulated by vascular endothelial growth factor A (VEGFA) and FGF-2, which stimulate endothelial cells to proliferate and form capillaries. Fibroblasts then transform into myofibroblasts to close the wound as a result of TGF-*β*1 and PDGF signaling \[[@B87]\].

3.3. Tissue Remodeling {#sec3.3}
----------------------

The third phase of wound healing is tissue remodeling, which begins about a week after injury but can last for months or years after injury \[[@B88]\]. The remaining cells either migrate out of the wound or undergo apoptosis, leaving a scar consisting of mostly collagen and other ECM proteins and very few cells. During remodeling, type III collagen in the matrix is remodeled to the stronger type I collagen via MMPs, reducing the total type III collagen from 30% to approximately 10% \[[@B89]\]. Scar formation is the result of excess, unorganized collagen deposition \[[@B86]\] and is thought to be a mechanism to prevent the entry of microorganisms and to quickly provide mechanical support. Scars on the skin do not regrow hair follicles or sweat glands and are more sensitive to UV radiation \[[@B90]\].

After injury, basement membrane formation differs in the wound healing response between mammals and amphibians. In normal skin (both in mammals and in amphibians) the basement membrane lies between the epidermis and dermis and is comprised of collagen fibers, laminin, and other components. In mammals, a new basement membrane is formed between the new epidermis and dermis, which is then maintained during the wound healing process. This supports tissue integrity at the expense of scar formation. However, the basement membrane does not form during healing and only appears after regeneration is complete in amphibians \[[@B91]\]. If the basement membrane is induced in amphibians before regeneration is complete, scar formation occurs and regeneration ceases \[[@B92]\]. The basement membrane, however, may also play a beneficial role, as wound healing is impaired in mice lacking the basement membrane component nidogen 1 \[[@B93]\]. Nidogens 1 and 2 are basement membrane proteins that interact with laminin, collagen IV, and perlecan. The MRL mouse, a mouse model for systemic lupus erythematosus, was serendipitously found to regenerate multiple ear punches \[[@B94]\]. Unlike other mice, the MRL mouse forms a basement membrane during wound repair that is then removed during ear punch regeneration; this was found to be correlated to increased MMP activity and decreased TIMP activity \[[@B95]\].

3.4. MMP Activity and Wound Healing {#sec3.4}
-----------------------------------

MMPs are a family of zinc-dependent proteases and have been associated with wound healing, which involves extensive remodeling of the ECM \[[@B96], [@B97]\]. Wound sites express many MMPs, which facilitate various processes such as the infiltration of inflammatory cells, migration of fibroblasts, and angiogenesis. Although there is some substrate redundancy among MMPs, the interstitial collagenases are unique in their ability to degrade stromal collagens (types I, II, and III). These collagenases include MMP-1, MMP-8, MMP-13, and MMP-14 (MMP-14 is a membrane-bound MMP) \[[@B98]\]. An experiment in*Drosophila* demonstrated that a secreted MMP was required for basement membrane remodeling during wound healing \[[@B99]\], suggesting that MMP-14 does not play a major role in wound healing. MMP-13 is synthesized by cells in cartilage and bone and preferentially degrades type II collagen found in cartilage. MMP-8 is expressed primarily in neutrophils. MMP-1 (in humans) is expressed by most cells and can readily degrade all stromal collagens, but mainly types I and III. Human MMP-1 does not have an exact mouse homolog. MMP-1a (McolA) has only a 58% amino acid homology with human MMP-1 (and 74% nucleotide homology) \[[@B100]\]. This is in contrast with MMP-13, which shares \>90% sequence homology with the mouse model. Murine MMP-13, unlike human MMP-13, has a broad expression profile, which is why it has served as a surrogate for MMP-1 in murine models \[[@B100], [@B101]\]. MMP-13-deficient mice exhibit normal wound healing \[[@B102]\]. Presumably, the loss of MMP-13 can be compensated for by other members of the MMP family, such as MMP-2 and MMP-14. MMP-8 was found to be upregulated in MMP-13-deficient wounds compared to controls; however, excess MMP-8 prevents proper tissue repair, as mice overexpressing MMP-8 demonstrate impaired wound healing \[[@B103]\].

Blocking the activity of MMPs with broad, nonspecific inhibitors results in delayed wound healing \[[@B104]\] and impaired stem cell migration and differentiation \[[@B105]\]. Mice with a mutation in collagen I that renders it insensitive to cleavage by MMP-1 demonstrate impaired tissue remodeling and severely delayed tissue healing \[[@B106], [@B107]\]. Many MMP-deficient mutants, however, do not demonstrate abnormalities in wound healing, with the exception of MMP3-deficient mice, which have a wound contraction defect \[[@B102]\], and MMP-8-deficient mice, which exhibit increased inflammation \[[@B108]\]. Therefore, the question remains as to whether an essential MMP has been found or if their contributions are due to multiple, overlapping MMPs.*MMP-9* and*MMP-13* double knockout mouse demonstrates delayed tissue healing, which is reversed upon topical treatment with recombinant MMP-9 and MMP-13 \[[@B109]\]. MMP-9 knockout mice displayed impaired cutaneous wound healing accompanied by defects in keratinocyte migration and collagen fibrillogenesis \[[@B110]\]; however, a lack of MMP-9 enhances the rate of wound closure in injured corneas \[[@B111]\]. Contrary to other MMPs, which are expressed at the front of advancing epithelial sheets and stimulate cell migration, MMP-9 acts to inhibit the rate of wound closure by inhibiting the replication of cells in the migrating epithelial sheet. Similarly, anti-MMP-9 treatments reduced fibrosis in soleus muscle regeneration \[[@B112]\]. Thus, although MMPs are essential for tissue regeneration, the specific role of each MMP is highly complex.

4. Digit/Appendage Regeneration in Humans {#sec4}
=========================================

Children under the age of 10--15 have been documented to regenerate the tips of their fingers if the amputation is treated conservatively \[[@B9], [@B10]\]. Regeneration has been documented to restore finger shape, fingerprint, function, and the sense of touch. There were some cases where bone regrowth was documented; however, lengthening of the digit could have occurred via the distal growth of granulation tissue \[[@B11], [@B113]\]. Treatment of amputated digits with a skin flap prevents regeneration both in amphibians and in mammals \[[@B10], [@B114]\]. Similar conservative treatment of adult fingertip amputations has resulted in wound healing with no reported lengthening of the fingertip \[[@B115]\]; however, there has been a report of limited bone regrowth following surgical removal of the diaphysis of the 3rd phalanx in an adult \[[@B116]\]. Adult fingertip healing (in individuals over 15 years old) with some documentation of bone regrowth was reported after treatment with a biological dressing based on chitin utilizing a "Hyphecan cap" (Hainan Kangda Marine Biomedical Corp., China) \[[@B117]\]; however, the amputated tip did not always grow to the full length. The Hyphecan occlusive dressing was also used in the treatment of other fingertip injuries \[[@B118]\]; however, the use of this material for the treatment of fingertip injuries outside of Hong Kong appears to be limited. A similar dressing was also used to treat burns in mice and was demonstrated to promote healing due to its modulation of TGF*β*1 levels \[[@B119]\]. The use of a silver sulphadiazine dressing in 19 patients (aged 16 to 64 years) for the treatment of 21 distal fingertip amputations was reported with good to excellent results; however, documentation of bone regrowth (if any) was not presented \[[@B120]\]. Although regeneration is generally limited to the third phalanx in humans, there was a report of a child who suffered a crushing amputation at the proximal interphalangeal joints of her ring and little fingers and regenerated a distal phalanx with vestigial nail without the middle phalanx in her ring finger, though her little finger remained a stump \[[@B121]\].

4.1. Mouse Model for Digit/Appendage Regrowth {#sec4.1}
---------------------------------------------

The newt and salamander regeneration models are useful for understanding the regeneration of an entire limb; however, as model systems, these are far removed from mammalian regeneration. The mouse is an ideal model to study digit tip regeneration, as the process in mice is similar to human fingertip regeneration. Both digit tips are similarly comprised of bones, tendons, muscles, skin, nerves, and blood vessels. Regeneration of the digit tip requires all these tissues to regrow in their proper locations and orientations to restore functionality. Several mouse models have been utilized to study digit regeneration \[[@B16]\]; however, there are differences between mammalian and axolotl regeneration besides their intrinsic regenerative abilities. For example, salamander limb regeneration is dependent on the presence of nerves; however, a denervated mouse digit tip can still regenerate, albeit at a reduced rate \[[@B122]\]. A recent study found that combinations of FGF8 and BMP7 gene therapy in neural cells in the dorsal root ganglia (DRG) were delivered to the limbs through the long axons of axolotls, suggesting major neural inputs of FGF and BMP in regulating blastema cell proliferation as well as controlling organ regeneration ability \[[@B22]\]. Denervation appears to affect the regenerative ability of the tissue by abrogating FGF signaling. FGF-2 is normally present in regenerating tissue but is not detectable after denervation \[[@B42]\]. Regenerating amphibians always form an AEC, which functionally mimics the AER during development; however, studies of the apical epithelium of regenerating digit tips are very limited, and there appears to be no AEC that forms in nonregenerating amputations \[[@B49]\].

4.2. Amputation Location {#sec4.2}
------------------------

Studies of digit tip regeneration in mice have indicated a sharp transition between a tip that will regenerate and one that will not \[[@B40], [@B42], [@B113]\]. Regeneration is limited to the middle of the third phalanx. An amputation proximal to this region will result in a nonregenerative response, as presented in [Figure 3](#fig3){ref-type="fig"}. The ability of the amputated fingertip to regenerate is thought to be correlated with the presence of the nail bed, which grows continuously throughout life. The germinal matrix of the nail bed contains adult stem cells which are thought to be involved in the regrowth of the amputated digit tip \[[@B42]\]. Additionally, bone regrowth has been correlated to nail regrowth, and there is no bone regrowth in distal amputations when the nail is surgically ablated. Conversely, there is bone regrowth in proximal amputations where the bone is removed from the ventral surface of the digit but not the nail and matrix \[[@B12]\]. A nail transplantation study in the amputated proximal phalanges of rats showed limited bone regrowth when the nail was transplanted; however, no bone regrowth was seen without nail transplantation \[[@B123]\]. Wnt pathway activation of the nail stem cells appears to be required in order for blastema growth and digit tip regeneration to occur \[[@B42], [@B43]\]; however, the relationship between the nail and regeneration of the terminal phalanx is still unclear, as there are case studies of regenerative failure even when the nail root was present. Therefore, it was hypothesized that the nail bed is necessary but not sufficient for successful regeneration, perhaps aiding the scarless healing process \[[@B113]\].

4.3. The MRL Mouse Model {#sec4.3}
------------------------

The MRL/MpJ mouse strain has been commonly used as a model for autoimmune disease; it also has a unique capacity for wound healing and tissue regeneration without scar formation. Classically, this mouse strain displays an accelerated healing and tissue regeneration process after receiving an ear-hole punch. Moreover, 4-week-old MRL mice can regenerate their digits more quickly than control wild-type (WT) mice after having a distal digit amputated to the midpoint of the third phalanx \[[@B124]\]; however, when the digits from adult mice were amputated at the midpoint of the second phalanx, neither MRL mice nor controls could regenerate their digit tips \[[@B125], [@B126]\]. MRL mice (but not the WT controls) display blastema-like formation during the early stages after amputation; however, an apoptotic event eventually causes this structure to disappear. Altered ratios of collagens I and III, as well as differences in total collagen levels, have been demonstrated between MRL and WT mice, suggesting there would be differences in scar tissue formation, though not to the extent that there were differences in the regeneration process \[[@B126]\]. In a recent study, we showed that the prevention of fibrosis formation with MMP-1 therapy resulted in better soft tissue regeneration within the amputated digits of adult mice \[[@B127]\]. Thus, the deposition of collagen occurs through an essential balance between ECM reconstruction and tissue regeneration.

4.4. Stem Cells and Blastema/Nonblastemal Dedifferentiation {#sec4.4}
-----------------------------------------------------------

The regeneration of a newt or salamander limb is preceded by the formation of a proliferating blastema that is guided by the AEC. The mechanism of how this heterogeneous mass of dedifferentiated cells can then proceed to form a complete limb is still slowly being unraveled. Although there is no exact mammalian counterpart to the urodele blastema \[[@B128]\], digit tip regeneration in mice was shown to occur via the formation of a cluster of blastema-like mitotically active cells \[[@B129]\] that express BMP4 \[[@B113]\] as well as stem cell markers, including vimentin and Sca-1 \[[@B130]\]; however, the existence of a mammalian AEC during digit regeneration has not been demonstrated, which might explain the limited regeneration potential of the digit tip in mammals. Additionally, there is no evidence of dedifferentiation in the mammalian regenerating digit tip; however, this does not preclude the possibility that dedifferentiation may occur during mammalian digit tip regrowth.

Similar to lineage tracing studies in regenerating axolotl limbs and zebrafish fins, recent studies in mouse digit tip regeneration utilizing transgenic mice with Cre-mediated reporters corroborate the finding that the regenerated structures are lineage-dependent and derived from local tissues \[[@B40], [@B131]\]. Resident stem cells, which are already committed to become specific tissue types, are responsible for digit regeneration in mice; however, this does not rule out the possibility that terminally differentiated tissue can dedifferentiate into resident stem cells.

4.5. *Msx1*, Msx2, and BMP4 {#sec4.5}
---------------------------

The*Msh homeobox (Msx)*type 1 and type 2 transcriptional repressors are both expressed near the nail bed of neonatal mice and at the tips of developing digits \[[@B6]\]. It has been suggested that*Msx-1* is required to maintain some cell types in an undifferentiated state and may be associated with urodele limb regeneration, and inactive msx genes also alter epithelial cell junction proteins during embryo implantation \[[@B132]\]. In amphibians,*Msx-1* is initially upregulated and then downregulated during regeneration \[[@B133]\]. Fetal mice deficient in*Msx-1,* but not*Msx-2*, do not readily regenerate amputated digit tips; however, this can be restored in culture in a dose-dependent manner with the addition of bone morphogenetic protein 4 (BMP4) \[[@B6]\]. This study also demonstrated that blocking BMP4 signaling using Noggin (a BMP inhibitor) prevented fetal digit regeneration. Hence, mammalian digit regeneration was shown to be dependent on*Msx1*and BMP2 modulation \[[@B134]\].

5. Future Directions {#sec5}
====================

5.1. Promotion of Dedifferentiation {#sec5.1}
-----------------------------------

Adult stem cells have been found to contribute to the regeneration of a number of human tissues which are present in bone marrow, intestinal mucosa, superficial layers of the skin, liver, and the nail bed; however, regeneration of complex structures such as digits or limbs requires a greater number of progenitor cells than that naturally present in adult tissues. Urodele amphibians overcome this deficiency by producing more progenitor cells via dedifferentiation of terminally differentiated cells in the blastema; hence, regeneration could be enhanced in mammals by increasing mammalian dedifferentiation. Dedifferentiation refers to the ability of terminally differentiated somatic cells to revert to a more plastic progenitor cell state. The methods of somatic cell nuclear transfer, chromosome transfer, or fusion with ES cells have all been used to induce totipotency or pluripotency \[[@B135], [@B136]\]. Utilizing a combination of transcription factors, fibroblast cells can be converted into induced pluripotent stem cells (iPS cells) \[[@B137]\]. C2C12 myotubes, which are mature differentiated multinucleated muscle cells, have been shown to dedifferentiate when induced to express*Msx-1* \[[@B138]\], the microtubule-binding molecule myoseverin \[[@B139]\], and the small molecule, reversine \[[@B140]\], or when treated with extracts from regenerating newt limbs \[[@B141]\]. Muscle cells that were dedifferentiated upon treatment with reversine could be redifferentiated under the appropriate lineage-specific inducing conditions into cells of different lineages, including osteoblasts and adipocytes. Another method of dedifferentiating myotubes is cell cycle reentry by means of inhibiting the tumor suppression genes Rb and ARF \[[@B77]\], which indicates that dedifferentiation may be possible in mammals. We were able to label terminally differentiated, multinucleated myotubes with *β*-galactosidase via a Cre-Lox system \[[@B142]\]. Following muscle injury, we observed *β*-galactosidase-positive mononuclear cells, which were able to differentiate into different types of muscle cells, suggesting that these progenitor cells were the result of mammalian dedifferentiation during wound healing.

5.2. Pathway Activation {#sec5.2}
-----------------------

A number of novel signaling pathways that are involved in cell proliferation and tissue growth have been revealed recently, such as the Wnt and Hippo pathways. In particular, Wnt pathway activation has been shown to be involved in digit regeneration \[[@B42], [@B43]\]; moreover, genes, including*LRP6 and LRP5*, that are related to Wnt/beta-catenin signal transduction have been found to be differentially expressed (higher expression) in MRL mice, which can form blastema-like structures, compared to DBA and C57BL mice \[[@B124]\].

The Hippo signaling pathway has also been shown to regulate cell proliferation and stem cell function. While its downstream effector Yes-Associated Protein (YAP) contributes to cancer development, its activation also has beneficial roles in regenerative medicine applications. In particular, the Hippo pathway has direct regulating effects on stem cell proliferation and maintenance \[[@B144], [@B145]\] which may be important for inducing the accumulation of blastema-like cells. Thus, developing molecular tools that can activate the Wnt or Hippo pathways in the amputated digits of mammals might be capable of enhancing the regeneration process \[[@B146]\].

5.3. Electrical Stimulation {#sec5.3}
---------------------------

The effect of electric fields on regeneration was revealed when newt limbs were induced to dedifferentiate by only applying an electric field (i.e., no amputation) strong enough to induce electroporation with the absence of cell necrosis or apoptosis. The time courses for changes in dedifferentiation and gene expression were similar to that occurring after amputation \[[@B147]\]. Quiescent, terminally differentiated cells are electrically polarized; however, tumor cells and stem cells are generally depolarized. The application of an electric field could represent a novel approach to promote digit/appendage regeneration and could be used in combination with other approaches (e.g., pathway activation or growth factor delivery).

6. Summary {#sec6}
==========

Urodele amphibians such as newts and salamanders can regenerate large portions of their bodies, including an entire limb. Limb regeneration in mammals is much more limited with only a portion of the terminal phalanx being capable of regenerating, and this is generally further limited to neonatal or young mammals. Proximal amputation usually results in incomplete wound healing and scar formation. Studying the molecular mechanisms of amphibian regeneration and mammalian wound healing could lead to novel therapeutic strategies to augment the regenerative response beyond the current natural limits of regeneration in mammals, including humans.
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![The blastema is a group of cells originating from the limb tissue local to the amputation site. (a) It was originally speculated that the blastema is a homogeneous structure of multipotent cells (purple dots), which would then form all the structures of the amputated digit tip or limb. (b) However, recent studies in the regeneration of both axolotl limb and zebrafish fin have demonstrated that the blastema cells are a heterogeneous assortment of lineage-restricted, unipotent progenitor cells (colorful dots). (c) Cell transdifferentiation might also play a role in the formation of blastema cells. Dermis and skeletal tissue, both of lateral plate mesodermal origin, have been shown to transdifferentiate. The blue area in (a, b) represents the remaining tissues following digit amputation.](IJCB2017-5312951.001){#fig1}

![Amphibian regeneration versus (a) attempted regeneration in mammals (b and c).](IJCB2017-5312951.002){#fig2}

![Amputation location affects the ability of digit/appendage to regenerate in mammals. Digit/appendage regrowth only occurs if the amputation site was distal to the middle to the 3rd phalanx, whereas digits amputated 2/3 through the 3rd phalanx do not regenerate.](IJCB2017-5312951.003){#fig3}
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